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1. Introduction
The enhanced precoding codebook for LTEA has been agreed [1] to be composed of two components, one targeting long-term or wideband properties of the channel (W1), the other targeting short-term or narrowband properties (W2). 
We address three issues for the codebook design: (1) How to optimize for both ULA and XPOL antennas, (2) the number of sub-band PMI bits, (3) PUCCH enhanced modes.

ULA vs. XPOL: One of the challenges in the codebook design was that it should be optimized for various antenna configurations. Three approaches to this joint optimization may be distinguished:
· For 8TX it has been argued that closely-spaced cross-polarized (XPOL) antenna structure is the most practical, hence the codebook should be first and foremost be optimized for it. A GOB design proposed by Ericsson [3] is optimized for XPOL, with a reasonable but sub-optimal performance for co-polarized ULA structure.

· A GOB2 codebook with one more W1 bit to refine the DFT resolution has been proposed in [3] to improve the ULA performance

· A more balanced design between XPOL and ULA has been proposed by Samsung in [4] and [5] at the cost of adding one more bit per sub-band on top of the 2-bit GOB design. This bit selects between XPOL-favoring refinements (of the cross-polarization phases) and ULA-favoring refinements (of the beamforming direction) per sub-band. 
For 4TX, three antenna structures have been considered for the evaluation of the feedback schemes: 0.5λ ULA, 0.5λ XPOL, and 4λ XPOL. Hence, it is desired to design an efficient codebook that is optimal for all the above configurations.  
Number of sub-band PMI bits: The GOB design has been extended by Nokia [6] to a total of 4 sub-band bits. These 4 bits allow simultaneous refinements of the cross-polarization phases and beamforming directions, to account for low correlation scenarios. This design would perform similar to GOB for correlated cases.
PUCCH: The two-component feedback enhancement approach has been agreed both to a periodic feedback as well as for the periodic feedback on PUCCH ([2], CSI mode 1). Three approaches have been proposed for PUCCH:
· In [4] it was proposed to extend PUCCH to include sub-band PMI. The codebook structure is similar to PUSCH, W1 being the wideband PMI and W2 being sub-band. However, this proposal suggests only 2-bit sub-band PMI, implying that XPOL and ULA cannot be simultaneously supported with this scheme. 
· Codebook adaptation [7] where W1 corresponds to a 5-bit Covariance, describing both ULA and XPOL, and where W1 is fed-back at a long-term period such as few hundreds of msec. W2 is the wideband PMI. 
· It is proposed in [8] to increase the codebook size, while moving 2 bits from the wideband PMI to the RI subframe.
In this contribution we present a 4TX codebook that is optimized for both ULA and XPOL, at the cost of one extra W1 bit. This W1 bit may be removed in the case that the eNB signals its antenna structure by codebook subset restriction. We compare it with Ericsson’s, Samsung and Nokia’s codebooks. We then show how to use this codebook for PUCCH, loading one or two W1 bits on the RI subframe.

2. ULA-XPOL Joint Codebook (UXCB)
2.1. Rank 1
UXCB is a concatenation of the XPOL-favoring GOB and ULA-favoring DFT-rotation codebooks. An extra “U/X” bit in W1 selects between two sets (U and X) of 8 W1 vectors. W2 contains 8 vectors, out of which 4 belong to the U set and 4 to the X set, but only 2 bits need to be signaled by W2 because the split between U and X is already signaled in W1. 
UXCB can be mathematically described as follows:

The precoder W is given by W = W2W1 where 
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are given below:
· C1:  16 vectors, divided into two sets:
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2.0
· U-set: NTx1, 3-bit DFT
The kth element in the set is given by
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2.1
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2.2
· X-set: stacked NT/2x1 DFT

The kth element in the set is given by
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2.3

· C2:  8 diagonal matrices, divided into two sets: 
· If 
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2.4
· If 
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2.5

(Note that the sub-band rotations in Eq. (2.4) are not symmetrical. One can define symmetrical rotations by subtracting 
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from θ, but we found no difference in performance and hence resorted to the simpler definition). Note that the number of bits required to signal W2 is only 2 bits although C2 consists of 8  matrices.
The total number of W2W1 codewords is 64, 32 per U/X set. There are 8 W2W1 codewords which are common to the two sets, so the total number of distinct codewords is 56.
W1 selection procedure: Fixing W2 as an identity matrix, the wideband PMI (W1) that maximizes wideband CQI is first selected for each of the ULA and XPOL codebooks. For each of these winning PMI from the ULA and XPOL codebooks, W2 is optimized for either wideband PMI, or independently for each subband, depending on whether wideband or sub-band PMI is desired. Out of the two W1’s, the one that gives the best overall CQI (either wideband or averaged over subbands) is chosen as W1.

There can be an option for the eNB to signal the sub-codebook to be used by the UE, e.g., by codebook-subset restriction In this case the W1 feedback may not contain the U/X codebook-selection bit.

For wideband PMI on PUCCH, we also consider reducing the codebook size by truncating the least significant bit of W2. I.e., Eqs. (2.4) and (2.5) are modified to have only two values of θ and c:
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2.6
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2.7

2.2. Rank 2:

The rank 2 codebook design is based on two constraints: nested structure and orthogonal columns. The codebooks for W1 and W2 are given below:
· C1:  16 matrices, concatenating two sets:
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· C2: 
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2.11
The above rank-2 codebook has 4 bits for wideband and one bit for SB. Alternatively, one DFT bit can be transferred from wideband to subband. The proposed rank 2 codebook has nested structure in addition to the constraint that the columns are orthogonal. 
2.3. PUCCH
Three configurations are considered. For wideband PMI on modes 1-1 and 2-1, the 5-bit codebook described above is restructured such that the U/X bit is transmitted at the RI period and the other 4 bits are transmitted in the wideband PMI period. 

The 6-bit version loads also the most significant bit of the DFT unto the RI subframe. I.e. the beamforming dimension is divided into two hemispheres, one of them being selected every RI period, and the DFT index of the wideband PMI is constrained to the selected hemisphere.

A formulation of UXCB for PUCCH in terms of a W1W2 matrix product is shown in the appendix.
PUCCH 2-2: Following the proposal in [4], a mode 2-2 is defined consistently with PUSCH 2-2, carrying UE-selected sub-band PMI and CQI. 
One option for the UXCB on 2-2 would reuse the PUSCH structure, with no bits at the RI subframe. This would mean that the wide-band PMI report will include the U/X bit, leaving 3 bits for the wideband PMI. The wideband PMI will have to include a fixed W2: The identity matrix, for example.

A better alternative would keep the structure of the above PUCCH 2-1 codebook for the wideband PMI, i.e. loading one or two bits on RI. Then, the sub-band PMI is obtained by breaking W2 into two parts: W2_1 and W2_2:  W2_1 is wideband, while W2_2 is sub-band specific. Strictly speaking, this UXCB structure is not in agreement with the way forward [1] since it combines 3 indexes at 3 different time periods. However, we evaluate it as an upper limit on the PUCCH 2-2 performance.
3. Simulations Results
3.1. PUSCH
We compare the rank1 codebook performance by simulating MU-MIMO with rank 1 transmission per UE. For comparing the rank 2 codebooks of different proposals we simulate forced rank 2 SU-MIMO transmissions.

We assume the feedback channel is PUSCH mode 3-2. CSI is based on ideal channel estimation. We had reported in [9] about 1% loss due to sub-band PMI being based on practically estimated channel, and no loss with wideband PMI.
Table 1 shows Rank 1 results for the two proposed alternative codebooks, comparing them to REl8 HH codebook, Samsung’s rotated HH, DFT+rotations, Ericsson’s GOB and Nokia’s EGOB.
	4x2   PUSCH 3-2

MU-MIMO
	ULA 0.5λ

Avg/5% [bps/Hz]
	XPOL 0.5λ

Avg/5% [bps/Hz]
	XPOL 4λ

Avg/5% [bps/Hz]

	
	8 deg
	15 deg
	8 deg
	15 deg
	8 deg
	15 deg

	HH

4 bits SB-PMI
	3.34/0.149
	3.12/0.126
	2.64/0.11
	2.54/0.103
	2.38/0.092
	2.26/0.089

	Samsung [4]

W1 = HH, W2=4 rotations
	3.72/0.159


	3.30/0.134

 
	2.72/0.114


	2.59/0.107
	2.37/0.092


	2.24/0.089

	GOB(4,2)

Extending [3] to 4TX
	3.37/0.149


	3.06/0.127
	2.91/0.128
	2.72/0.112
	2.43/0.095
	2.30/0.091

	GOB(3,2)
Extending [3] to 4TX
	3.38/0.150
	3.06/0.127
	2.89/0.118
	2.71/0.111
	2.43/0.095
	2.30/0.091

	Nokia’s [6]  EGOB(2,4)

 (Nb = 4)
	3.40/0.149
	3.10/0.128
	2.93/0.121
	2.75/0.114
	2.48/0.098
	2.35/0.094

	Marvell UXCB(4,2)
	3.71/0.157
	3.28/0.134
	2.89/0.118
	2.71/0.112
	2.44/0.095
	2.30/0.091


Table 1: MU-MIMO (rank 1 per UE) 
Observations:

· GOB is 10% suboptimal for ULA, Samsung’s HH+rotations is 6% suboptimal for XPOL

· XPOL can benefit from up to DFT oversampling of 2 at a wideband level (no gain from GOB(4,2) compared to GOB(3,2)).
· UXCB is optimal for both ULA and XPOL
· It performs equally to GOB for XPOL-only, and equally to Samsung’s for ULA-only. I.e., UXCB performs equally well with and without the eNB signaling the U/X bit.

· EGOB performs for XPOL no better than UXCB except for a 2% margin in the least correlated scenario. Its overhead of 2 bits per sub-band is unjustified

Table 2 shows SU Rank 2 results for the proposed UXCB, compared to Samsung’s rotated HH and Ericsson’s GOB.

	4x2   PUSCH 3-2

Rank 2 SU-MIMO
	ULA 0.5λ

Avg/5% [bps/Hz]
	XPOL 0.5λ

Avg/5% [bps/Hz]
	XPOL 4λ

Avg/5% [bps/Hz]

	
	15 deg
	8 deg
	15 deg
	8 deg
	15 deg

	Ericsson GOB (4,1)
	2.26/0.066
	2.61/0.075
	2.50/0.071
	2.36/0.064
	2.23/0.060

	Samsung  W2W1(4,2)[4] 
	2.18/0.059
	2.49/0.075
	2.48/0.070
	2.40/0.066
	2.29/0.062

	Nokia’s [6]  EGOB(2,3)

 (Nb = 4)
	2.25/0.064
	2.59/0.074
	2.49/0.071
	2.36/0.065
	2.22/0.060

	Marvell UXCB (4,1)
	2.27/0.067
	2.60/0.075
	2.49/0.071
	2.39/0.066
	2.27/0.061


Table 2: SU-MIMO, forced rank 2

Observations:

UXCB performs same or better than GOB and as well as Samsung’s with one less bit per sub-band. The EGOB extra two sub-band bits bring no gain.
3.2. PUCCH
Table 3 shows simulation results for PUCCH modes 1-1, 2-1 and 2-2, comparing the two proposed codebooks to Rel8 HH, and Samsung’s rotated HH.
	4x2   PUCCH

MU-MIMO
	ULA 0.5λ

Avg/5% [bps/Hz]
	XPOL 0.5λ

Avg/5% [bps/Hz]
	XPOL 4λ

Avg/5% [bps/Hz]

	
	8 deg
	15 deg
	8 deg
	15 deg
	8 deg
	15 deg

	   Mode 1-1  HH CB (4bit)
	3.05/0.125
	2.78/0.106
	2.34/0.094


	2.26/0.088


	2.12/0.080


	2.02/0.065



	   Mode 1-1  UXCB (6bit)
	3.25/0.130
	2.88/0.111


	2.47/0.098


	2.34/0.091


	2.16/0.081


	2.05/0.077



	   Mode 2-1  HH CB (4bit)
	3.23/0.135
	2.95/0.116
	2.48/0.098
	2.37/0.093
	2.21/0.083
	2.15/0.073

	   Mode 2-1  UXCB (5bit)
  1bit with RI
	3.41/0.142
	3.05/0.119
	2.54/0.099
	2.42/0.093
	2.23/0.083
	2.12/0.081

	   Mode 2-1  UXCB (6bit)
  2 bits with RI
	3.42/0.146
	3.04/0.118


	2.62/0.104

	2.46/0.094

	2.24/0.085


	2.13/0.081



	   Mode 2-2  Samsung

   HH WB, 2 bits SB rotations
	3.26/0.139
	2.97/0.117
	2.51/0.100


	2.40/0.095


	2.22/0.084


	2.18/0.073



	   Mode 2-2  UXCB 

2 bits RI, 4 bits WB, 2 bits SB
	3.40/0.145
	3.03/0.120


	2.64/0.1044


	2.48/0.0969


	2.26/0.084


	2.14/0.083




Table 3: PUCCH, MU-MIMO
Observations

1. UXCB outperforms Rel8 HHCB in correlated scenario by 5%. This is the same gain that was claimed in [4] to originate from 2-bits sub-band PMI feedback. However, it is clear from the simulation results here that this 5% gain can be more efficiently achieved by adding 1 or 2 bits to the wideband PMI.
2. UXCB in PUCCH 2-1 outperforms Samsung’s proposed codebook for mode 2-2.

3. Even with a superior, 3-component codebook for PUCCH 2-2, the gain over mode 2-1 is only 1.5%. This insignificant gain doesn’t justify introducing a new format PUCCH 2-2.
4. Conclusions

GOB is optimal for XPOL but is 10% sub-optimal for ULA. Samsung’s W2W1 is optimal for ULA but 6% sub-optimal for XPOL.

We propose a joint codebook for ULA and XPOL with the toll of one W1 bit, determined by the UE, selecting between ULA-type and XPOL-type codewords. This selection can be optionally determined by eNB signaling. That’s in contrast to Samsung’s codebook which requires one more bits per sub-band in order to cope with both ULA and XPOL antennas.

The proposed codebook (UXCB) performs same or better than GOB for XPOL and same or better than Samsung’s for ULA. 
Nokia’s EGOB with 4 bits per sub-band doesn’t justify the of 2 sub-band bits overhead.
For PUCCH, UXCB with 1 or 2 bits transmitted with RI improves the MU performance by 5% compared to Rel8 HH codebook. 
PUCCH performance is not improved by a sub-band PMI mode 2-2, even with a 3-component codebook.
We recommend RAN1 to adopt the UXCB codebook for 4TX for ranks 1 and 2.
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5. Appendix
The 6-bit UXCB codebook for PUCCH can be formulated as a V1V2 matrix product as follows.

V1 corresponds to four 16x4 matrices, each containing 16 out of the 64 UXCB W2W1 product codewords, and V2 correspond to the selection of one out of the 16. 

V1 is given by:
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ULA set:
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XPOL set:
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V2 selects one of the 16 columns of 
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